Numerous free-living bacteria undergo complex differentiation in response to unfavorable environmental conditions or as part of their natural cell cycle. Developmental programs require the de novo expression of several sets of genes responsible for morphological, physiological, and metabolic changes, such as spore/endospore formation, the generation of flagella, and the synthesis of antibiotics. Notably, the frequency of chromosomal replication initiation events must also be adjusted with respect to the developmental stage in order to ensure that each nascent cell receives a single copy of the chromosomal DNA. In this review, we focus on the master transcriptional factors, Spo0A, CtrA, and AdpA, which coordinate developmental program and which were recently demonstrated to control chromosome replication. We summarize the current state of knowledge on the role of these developmental regulators in synchronizing the replication with cell differentiation in Bacillus subtilis, Caulobacter crescentus, and Streptomyces coelicolor, respectively.
F
aithful transmission of genetic material to daughter cells requires the precise regulation of chromosomal replication and its coordination with the cell cycle. In all three domains of life, chromosomal replication is mainly regulated at the initiation step, an important cell cycle checkpoint designed to guarantee that chromosomal replication occurs only once per cell division cycle. Over 50 years ago, Sydney Brenner, Francois Cuzin, and Francois Jacob proposed the replicon theory (1) explaining how chromosome replication in bacteria is coordinated with the cell cycle and cell division. The theory assumed the existence of only two key elements required for initiation of bacterial chromosome replication: the trans-acting element (a structural gene encoding an initiator) and the cis-acting element (replicator). According to their hypothesis, the initiator positively regulates replication initiation by interaction with the replicator. Twenty to 30 years later, the theory was experimentally proven not only for bacteria, phages, and plasmids but also for archaea and, to some extent, for eukaryotes. Over the last 20 years, researchers have made considerable progress in understanding the mechanisms of replication initiation, particularly the structures and functions of the key elements across the three domains of life.
In contrast to Eukaryota, bacterial chromosomes possess a single, unique replication origin, in which the DNA synthesis starts generating a single replication eye per chromosome (2, 3) . Replication of the bacterial chromosome is initiated by the binding of the initiator protein called DnaA to specific 9-mer sequences (called DnaA boxes) within the oriC region (origin of chromosomal replication-the replicator) (originally described by the Kornberg group; see, e.g., references 4 and 5) . The DnaA protein is composed of four functional domains that are responsible for selfoligomerization and interactions with other proteins (e.g., DnaB and HU), cofactors (ATP/ADP), and DNA (i.e., DnaA boxes) (see Table 1 ) (6) (7) (8) (9) (10) (11) . Bacterial oriC regions differ in size (from ϳ200 to 1,000 bp), and their sequences are conserved only among closely related organisms. In addition to the repertoire of DnaA boxes, they usually include an AT-rich region with a DNA-unwinding element (DUE) and the binding sites for regulatory proteins. Through the sequential binding of high-, medium-, and low-affinity DnaA boxes, the DnaA protein forms a highly ordered nucleoprotein complex (orisome), which promotes separation of DNA strands at the DUE. Notably, only ATP-bound DnaA is able to unwind DNA. Furthermore, ATP-bound DnaA is also required for the binding of low-affinity DnaA boxes (e.g., those in Escherichia coli and Streptomyces) (12) (13) (14) (15) . The unwound region provides an entry site for the key replication enzymes helicase, primase, and DNA polymerase (Pol) III, the latter of which forms the replication fork (for a review, see reference 16).
Bacterial replication begins at a single oriC region, and the activity and availability of this region and the initiator protein have to be tightly regulated to ensure that chromosomal DNA is entirely replicated only once per cell cycle. Among several mechanisms involved in regulating replication initiation, the inactivation of DnaA-ATP by ATP hydrolysis is likely to be the most common in bacteria (10) , whereas other mechanisms appear to be specific for particular bacteria. These include the sequestration of the hemimethylated oriC region seen in E. coli; the titration of DnaA proteins by clusters of DnaA boxes localized outside the oriC regions of E. coli, Bacillus subtilis, and Streptomyces coelicolor; the modulation of DnaA activity by different proteins, such as Hda homologues in E. coli and Caulobacter crescentus and SirA and YabA in B. subtilis; and the proteolytic degradation of DnaA by the Lon and ClpP proteases in C. crescentus (Table 2 ) (for reviews or details, see references 7, 10, 17, 18, 19, 20, 21, 22, and 23) . Recently, master transcriptional regulators were demonstrated to be involved in controlling chromosome replication as well as other cellular processes. Examples of these are CtrA, Spo0A, and AdpA proteins, which, in C. crescentus, B. subtilis, and S. coelicolor, re-spectively, play crucial roles in coordination of replication with differentiation of these bacteria (Table 3) .
In bacteria that undergo differentiation, the regulatory networks that control replication initiation are likely to be intricate and require specific mechanisms that can synchronize chromosomal replication initiation with developmental processes, which involve functional specialization of specific cell types in response to environmental signals (e.g., nutrient limitations). In this review, we summarize the current state of knowledge regarding the checkpoints that couple replication to cell cycle progression. We focus on the master transcription factors, CtrA, Spo0A, and AdpA (Table 3) , which control the morphological developments of C. crescentus, B. subtilis, and S. coelicolor, respectively, and discuss how these regulators temporally and spatially coordinate replication initiation with cell differentiation.
MASTER TRANSCRIPTION FACTORS CONTROL CELL CYCLE PROGRESSION IN BACTERIA THAT UNDERGO COMPLEX DEVELOPMENTAL CYCLES
Free-living bacteria develop specific strategies to survive unfavorable environmental conditions. Such adaptations may be achieved in certain bacteria through the acquisition of a complex life cycle that includes the formation of spores or dormant cells. A complex bacterial life cycle requires the specific coordination of cell division, chromosomal replication, segregation, and morphological differentiation (Fig. 1) . Differentiation includes morphological changes that depend on the activation of numerous genes, such as those responsible for spore coat synthesis or flagellar assembly. Thus, complex developmental pathways require the presence of specific regulatory proteins capable of coordinating multiple processes, including chromosomal replication. This often arises via the specific spatial, temporal, and asymmetrical (depending on the cell type/cell compartment) regulation of gene expression and protein accumulation controlled by master regulators. Among the master regulators identified in Bacillus, Streptomyces, and Caulobacter, Spo0A, AdpA, and CtrA, respectively (see Table 3 ), have been shown to coordinate differentiation with the regulation of chromosomal replication.
Sporulation, which is a survival strategy in such diverse genera as Bacillus, Clostridium, Myxococcus, and Streptomyces, is triggered by nutrient limitation and/or high cell density (24) (25) (26) (27) (28) . Spore formation may follow very diverse routes depending on the genus. During the sporulation of B. subtilis (Fig. 1) , for example, formation of a single endospore starts with an asymmetric cell division that delimits a forespore, followed by engulfment of the forespore in a phagocytic-like process, the formation of a protective spore coat, and, subsequently, lysis of the mother cell to release the spore (reviewed in references 29, 30, and 31). In contrast, mycelial soilinhabiting Streptomyces spp. form the chains of exospores ( Fig. 1 ) (32) . Here, the transition from vegetative growth to sporulation involves the differentiation of the branched network of vegetative hyphae into morphologically distinct aerial hyphae, which are further converted into chains of prespores via synchronized multiple-cell division (33) . Thereafter, the spores mature via synthesis of a thick cell wall and eventually undergo dispersal. Unlike bacteria in which sporulation is an optional developmental pathway, the water-inhabiting Caulobacter sp. undergoes morphological differentiation as an intrinsic part of its natural cell cycle (34) . Asymmetric division of a C. crescentus cell produces two daughter cells with different morphologies: a nonmotile stalked cell able to adhere to surfaces and a motile swarmer cell with a polar flagellum (Fig. 1) . Only the stalked cell is able to divide; when the swarmer cell is provided with sufficient nutrients, it differentiates into a stalked cell (via ejection of the flagellum and formation of a stalk at the same pole) and undergoes division.
Normally, before initiation of sporulation of B. subtilis, ongoing chromosomal replication is terminated (Sda protein is a factor that prevents entry into sporulation when cells are initiating DNA replication [35] ) and the newly replicated chromosomes are remodeled into an axial filament extending between the poles (36, 37) . Asymmetrical positioning of the septum, which is typical of sporulation, traps the forespore chromosome within the closing septum and generates a transient asymmetry wherein the mother cell is diploid for two-thirds of the chromosomal genes. Completion of chromosome segregation requires active translocation of the chromosome through the closing septum (38) .
Similarly to the situation in B. subtilis, the sporulation-related cell division of Streptomyces employs sporulation-specific control of the typical vegetative cell division machinery. During vegetative growth, occasional septa delimit adjacent elongated multinucleoid hyphal compartments; during sporulation, in contrast, the closely spaced sporulation septa form a ladder along the sporogenic multinucleoid compartment (39, 40) (Fig. 1) . Formation of the long chains of spores is preceded by rapid extension of sporogenic hyphae accompanied by intensive chromosome replication, after which the ongoing rounds of replication are terminated and the chromosomes are condensed and precisely positioned between developing septa to form unigenomic spores (41, 42) . In sporulating Streptomyces, therefore, cell division is tightly coordinated with the shutdown of chromosomal replication and the sporulation-specific segregation and organization of the chromosomes.
Precise synchronization of chromosomal replication with the cell cycle is also seen in C. crescentus ( Fig. 1) (for recent reviews, see references 22 and 43). The newly replicated chromosome is moved to the nascent half of the cell immediately after initiation of replication in stalked cells (44) , and after cell division, each daughter cell contains a single chromosome that is attached to the cell pole by a polarly localized replication origin region (45, 46) . As noted above, chromosomal replication is blocked in swarmer cells until they transform into stalked cells. Septation is coordinated with replication initiation and the bipolar positioning of the two sister origin regions (47) .
In B. subtilis, the sporulation "decision" depends on the master transcription factor, Spo0A (Table 3) . A combination of signals associated with high population density and cell cycle progression accelerates a multicomponent phosphorelay cascade, resulting in the phosphorylation of Spo0A (48) . Upon phosphorylation, Spo0A initiates the sporulation pathway by affecting the transcription of ϳ500 genes (ϳ120 of which are directly controlled). The binding of Spo0AϳP to a specific DNA sequence called the Spo0A-box in promoter regions activates the genes involved in sporulation and represses many genes that had been expressed during vegetative growth (35, 49, 50) . Spo0AϳP is responsible for activating mother cell/forespore-specific sigma factors (and other regulators) and genes whose products control asymmetric division (51-53) and sporulation-specific chromosomal segregation (36, 37) . Interestingly, sporulation is triggered only when a high level of phosphorylated Spo0A is attained, whereas the intermediate levels of Spo0AϳP in the so-called "transition state" are associated with increased protease production, motility, competence for transformation, biofilm formation, and cannibalism, in a hierarchy of developmental decision-making (54) .
Similarly to the case of B. subtilis, the sporulation of S. coelicolor (a model organism for developmental studies in Streptomyces) is governed by numerous transcriptional regulators, including sigma factors (55) . The set of regulators responsible for controlling the erection of aerial hyphae is called Bld due to the "bald" colony phenotype caused by mutations in their encoding genes ("bald" colonies do not produce the outer fluffy layer-the aerial hyphae) (56, 57) . The transition from fluffy white aerial hyphae to chains of gray spores requires the activation of regulatory proteins encoded by the whi genes (so named for the white appearance of mutant colonies) (58, 59) . As the development of Streptomyces colonies is correlated with secondary metabolism and antibiotic production, mutations in bld genes can affect both morphological differentiation and the production of antibiotics (reviewed in reference 60). The product of the adpA gene (also known as bldH) (Table 3 ) plays a key coordinating role in regulating the morphological differentiation of Streptomyces. AdpA is a master transcription factor responsible for controlling several dozen genes (61, 62) whose encoded products are required for morphological development (e.g., SapB, a regulator of the aerial mycelium-promoting peptide, and SsgA, a protein involved in septum formation during sporulation [63] ; reviewed by Higo et al. [64] ). In silico analysis has identified AdpA-binding sequences in more than 150 intergenic regions of S. coelicolor (63) .
As in sporulating bacteria, control of development in C. cres- centus is associated with the spatiotemporal control of numerous genes (about 20% of all genes) (65) . Many of these are controlled by CtrA (Table 3 ) and three other master regulators, GcrA (a DNA binding protein), DnaA, and CcrM (a DNA methylase), that are regulated at one or several levels (synthesis, activation, localization, degradation). Together, these four proteins precisely coordinate chromosomal replication and segregation with cell growth, cell division, and pole morphogenesis (22, 66, 67) . CtrA recognizes and binds a specific DNA sequence (the CtrA box) to directly control the transcription of ϳ100 genes within 55 operons affecting the expression of genes involved in flagellum assembly, holdfast synthesis, DNA methylation, and cell division (68) . Activation of CtrA is controlled by its phosphorylation, in which a regulatory circuit of several polarly localized histidine kinases and phosphatases is involved (69, 70) . Due to the polarity of C. crescentus predivisional cells, the swarmer cell inherits an active, phosphorylated form of CtrA whereas CtrA undergoes specific proteolysis in the stalked cell (71) . When a swarmer cell transitions to a stalked cell, CtrA is inactivated and the gcrA gene, which encodes the stalked-cell-specific master regulator, is induced. GcrA affects the transcription of over 125 genes, including those encoding components of the DNA replication and chromosomal segregation machineries (72, 73) . Upon initiation of cell division, clearance of GcrA is coincident with the gradual accumulation of CtrA (72) . In sum, the master regulators play crucial roles in the spatial and temporal regulation of sequential events during bacterial differentiation. Their abundance and activity are precisely controlled at different levels, including gene expression (at transcriptional and translational levels), proteolysis, and posttranslational modification (phosphorylation).
MASTER REGULATORS INHIBIT REPLICATION INITIATION DURING THE TRANSITION TO NONREPLICATING CELLS
Despite extensive studies on the mechanisms responsible for controlling the initiation of chromosomal replication (for reviews, see references 7, 9, and 10), we have begun only recently to understand how the master regulators coordinate differentiation with chromosomal replication. The initiation of chromosomal replication requires the ATP-bound form of DnaA (Table 1 ) and many other factors that organize and/or regulate initiation complex (orisome) formation, ensuring that DNA unwinding occurs once per cell cycle. AdpA, Spo0A, and CtrA (Table 3) have been identified as factors that coordinate replication with the cell cycle; they inhibit the initiation of chromosomal replication by binding to the cognate oriC region in S. coelicolor and B. subtilis (AdpA and Spo0A, respectively) and to the region called Cori in C. crescentus (CtrA) (15, (74) (75) (76) . Compared with E. coli (14) , the origin regions of B. subtilis, C. crescentus, and S. coelicolor are structurally more complex and relatively long (1,000 bp or longer) and contain multiple high-, moderate-, and low-affinity DnaA boxes (Fig. 2) (74, 77, 78) . In the oriC regions of S. coelicolor and B. subtilis, the DnaA boxes are organized in two clusters (boxes 1 to 11 and boxes 13 to 19 in S. coelicolor and boxes separated by the dnaA gene in B. subtilis), both of which are required for autonomous replication (79, 80) . In vitro observations indicate that upon binding of the DnaA protein, a loop is formed between the clusters; this mechanism may promote the in vivo unwinding of DNA at the DUE (81, 82) . Interestingly, the oriC region of each three model organisms possesses multiple binding sites for their respective master regulators, AdpA, CtrA, and Spo0A, located near or partially overlapping the DnaA-binding sites that are indispensable for replication initiation (Fig. 2) (15, 74, 77, 79, 83) . Moreover, the specific interactions between these master regulators and their oriC regions were confirmed by in vitro (electrophoretic mobility shift assay [EMSA], DNase I footprinting, or surface plasmon resonance) and in vivo (chromatin immunoprecipitation [ChIP] ) assays in all three model organisms (15, 49, 68, 84) . The interaction of master regulators with their targets presumably interferes with the formation of functional orisomes, thereby preventing replication initiation. Indeed, in vivo experiments demonstrated that B. subtilis, C. crescentus, and S. coelicolor with oriC regions lacking the Spo0A-, CtrA-, and AdpA-binding sequences, respectively, exhibited chromosome overreplication (15, 76, 85) . The master regulators can probably displace DnaA from oriC (as shown for CtrA [77] ) or prevent DnaA from oligomerizing at oriC and thus block the formation of a functional orisome by limiting DnaA access to the replication origin. Thus, the master regulators and initiator proteins presumably compete for binding to a particular part(s) of the oriC region to inhibit and promote, respectively, the initiation of replication. The balance of this "battle" depends on the cell cycle stage, since both elements are temporally and spatially regulated.
In C. crescentus, the levels of CtrA and DnaA oscillate during the cell cycle, peaking in swarmer and stalked cells, respectively (18) . Replication initiation occurs in stalked cells or in the stalked compartment of late predivisional cells, whereas it is inhibited by the activated master regulator, CtrAϳP, in swarmer cells (84; for a review, see also reference 22). Interestingly, besides being involved in DnaA displacement from the origin of replication region (77) , CtrA also negatively regulates the strong hemE promoter (located at the 5= end of the origin; Fig. 2) , the activity of which is essential for the initiation of DNA replication (86) . It is assumed that transcription from this promoter allows formation of a RNA-DNA hybrid inside the origin of replication and thus promotes the melting of DNA strands. CtrA is spatiotemporally regulated by phosphorylation (by the CckA kinase [69] -where ChpT phosphotransferase is a direct donor of a phosphate group for CtrA [87] ) and by proteolysis (by the ClpXP protease [88] -where the RcdA protein assists ClpXP-dependent CtrA degradation at the cell pole while another PopA recruits both RcdA and CtrA to the cell pole [89, 90] ). The other protein, CpdR, in its unphosphorylated form binds to ClpXP and recruits this proteolytic complex to the cell pole, leading to CtrA degradation in stalked cells. CpdR is subject to phosphorylation by the CckA/ChpT proteins (91) .
Moreover, the ctrA gene expression level is also spatiotemporally regulated, with maximum and minimum transcriptional activity seen in predivisional and swarmer cells, respectively (92) . The transcription of ctrA starts from two promoters, P1 and P2, one of which (P1) is regulated by the orchestrated actions of three master proteins, CcrM, GcrA, and its own product, CtrA (Fig. 3) . Interestingly, both promoter P1 and promoter P2 are subject, respectively, to negative and positive feedback control by CtrAϳP (92) . CcrM inhibits transcription from P1, whereas GcrA activates transcription from P1 (72, 93) . Recent studies showed that P1 activity could also be modulated (negatively) by another transcription factor, SciP, which is a CtrA antagonist responsible for repression of genes controlled by CtrA in the swarmer cell (94, 95) . Thus, the presence of two promoters, whose activities are regulated in a sophisticated manner, allows C. crescentus to regulate precisely in time and space the level of CtrA during the cell cycle. CcrM and GcrA also temporally regulate the expression of dnaA during the cell cycle but with effects that are opposite their effects on the ctrA P1 promoter (72, 96) . The DnaA protein of C. crescentus is subject to degradation in a cell cycle-dependent manner (first reported by Gorbatyuk and Marczynski [18] ). Interestingly, Laub's group recently showed that the stability of DnaA under certain stress conditions is mainly controlled by the Lon protease, although they did not exclude a minor role (or a role under alternative conditions) for the ClpP protease (17) . Additionally, DnaA activity in C. crescentus is negatively controlled by HdaA (Hda homologue from E. coli), as cells depleted of this protein often overinitiate DNA replication (21) . The HdaA protein, in complex with the ␤-clamp, probably contributes to the RIDA (regulatory inactivation of DnaA) mechanism that stimulates the ATPase activity of DnaA protein and leads to initiator inactivation (97) . Interestingly, DnaA directly stimulates gene expression of its negative regulator, HdaA (21) . It is worth mentioning that, during the swarmer-cell-to-stalked-cell transition, DnaA accumulation (accompanied by CtrA degradation) leads to activation of gcrA tran- scription and subsequent CtrA expression induced by the GcrA cell cycle regulator (98) . Interestingly, though there are also CcrM methylation sites within the C. crescentus origin, it seems that methylation of the origin does not play a role in regulating the initiation of chromosomal replication as it does with Dam methylase (99, 100) .
During sporulation of B. subtilis, binding of the activated master regulator, Spo0AϳP, to oriC prevents replication initiation, possibly by directly impeding the interaction of DnaA with oriC or by altering the ability of DnaA to form the orisome (76) . In vitro experiments demonstrated that Spo0A prevents DnaA-dependent unwinding within the oriC region (74) , while an in vivo analysis showed that growth and chromosomal replication were inhibited in a Spo0A-dependent manner in mother cells (101) . Spo0A is regulated by multiple kinases via the multicomponent phosphorelay (48) where the Spo0B transferase is a direct donor of phosphate group for Spo0A (Fig. 3) . The Spo0A activity is also temporally controlled on the transcriptional level by two promoters: a vegetative-state-related A -recognized promoter (Pv) and a sporulation-related H -recognized promoter (Ps) (102) . The A housekeeping sigma factor controls a weak Pv promoter, which provides a basal level of Spo0A that is required for efficient firing of a strong Ps promoter (Spo0AϳP and H activated) during the transition to the stationary phase (103) (104) (105) . spo0A transcription is autoregulated by Spo0A itself in a manner similar to (but more complex than) that seen with ctrA in C. crescentus. The spo0A regulatory region contains multiple binding sites for Spo0AϳP; one is responsible for repressing Pv during the transition to the stationary phase, while the others are responsible for repressing Ps during growth or activating Ps upon entry into sporulation. Moreover, the translation of Pv-originating mRNA is impeded by the presence of a secondary RNA structure, thereby decreasing the synthesis of Spo0A (103) . This intricate mechanism for regulating spo0A ensures that high levels of Spo0A are appropriately available for the activation of key sporulation genes (50, 106) . In contrast to the case in C. crescentus, the transcription of spo0A and dnaA in B. subtilis does not depend on methylation, as there are no dam, ccrM, or seqA homologues. Transcription of dnaA is also autoregulated, as binding of DnaA to the DnaA boxes within the promoter region represses the transcription of dnaA (107) . The activity of B. subtilis DnaA is negatively regulated by SirA, YabA, DnaD, and monomeric Soj, which directly interact with DnaA to prevent its assembly on the oriC region (19, 20, (108) (109) (110) . Additionally, DNA-bound Soj promotes replication initiation, presumably by stimulating DnaA protein helix assembly. As a ParA ortholog involved in chromosomal segregation, Soj enables the coordination of chromosomal replication and segregation in B. subtilis (109) . Two other proteins, YabA and DnaD, have been also shown recently to inhibit DnaA helix formation during the initiation of replication, suggesting that oligomerization of the initiator protein is a strictly regulated step in B. subtilis (19) . Additionally, the SirA sporulation protein negatively influences the activity of the DnaA protein by inhibiting the initiator binding to (or the removal of the initiator from) oriC (20) . Expression of the sirA gene is positively regulated by the Spo0A regulator (49, 50) . Conversely, the sporulation is blocked by DnaA-induced Sda protein when the replication is impaired. Sda acts by blocking one of the histidine kinases involved in activation of Spo0A (35, 111) .
In contrast to the results from B. subtilis and C. crescentus, phosphorylation of the S. coelicolor master regulator, AdpA, has not been observed to date. Interestingly, AdpA competes with DnaA for binding of the oriC region, with ATP acting as a key regulator of the DNA-binding activities of both proteins (15) . ATP is well known to strengthen the binding of DnaA proteins to DnaA boxes (particularly medium-and low-affinity boxes) and is also required for DNA unwinding. In contrast, the interaction between AdpA and oriC is profoundly weakened by ATP (15) . The mechanism responsible for this phenomenon has not yet been elucidated. When AdpA reaches its highest level (which presages the emergence of aerial branches) and the ATP level is low, DnaA is not able to efficiently bind the oriC region and initiate replication (15, 112) . Similarly to the cases of spo0A and ctrA, the expression of adpA is subject to regulation at different levels (Fig. 3) . The abundance of the adpA transcript is modulated by AbsB/RNase III cleavage (113) , and AdpA itself positively stimulates the transcription of adpA (63) . Additionally, another transcriptional regulator, the BldD protein, encoded by one of the "bald" genes is involved in negative regulation of adpA transcription (114) . Moreover, translation of adpA mRNA depends on the presence of a leucyltRNA (encoded by bldA) for a rarely used TTA codon (115, 116) . Interestingly, the accumulation of this tRNA species coincides with aerial mycelium development (117) . In a mutual feed-forward mechanism, AdpA directly activates bldA transcription (118) . Thus, these mechanisms collectively ensure that AdpA protein levels peak at the proper time during colony development ( Fig. 1 and 3) . As in B. subtilis, the expression of S. coelicolor dnaA is negatively autoregulated, with two DnaA-binding sites located within the dnaA promoter region (119) . Despite extensive studies, we have not yet identified any protein responsible for modulating S. coelicolor DnaA activity. Thus, DnaA activity is thought to be strictly dependent on its nucleotide-bound state, as the ATPbound form of DnaA is required for DNA unwinding (our unpublished results) and the binding of low-and moderate-affinity DnaA boxes (15, 120) .
The protein levels and activities of DnaA and the master regulators are subject to stringent and complex regulation during the cell cycle to ensure their effective and coordinated functioning (Fig. 3) . Although the mechanistic principles of CtrA, Spo0A, and AdpA action may differ, since they originate from very diverse organisms, these proteins similarly regulate replication by binding oriC and negatively regulating initiation (Fig. 3) . CtrA, Spo0A, and AdpA regulators are conserved in the alphaproteobacteria, endospore-forming bacilli, and Streptomyces, respectively, justifying adoption of C. crescentus, B. subtilis, and S. coelicolor as model organisms to study these regulators. In addition, although replication initiation has been extensively studied, we do not yet fully understand its regulation in microorganisms that undergo complex life cycles, and the participation of as-yet-unknown factors in this process cannot be excluded.
SUMMARY AND PERSPECTIVES
In all three domains of life, the synthesis of genetic material must be tightly regulated because under-or overreplication frequently leads to serious aberrations and/or genomic instability. In organisms that undergo complex life cycles, diverse checkpoint mechanisms have evolved to coordinate DNA replication with their sophisticated differentiation programs. Recent advances in cell biology have increased our understanding of how replication is regulated at the different steps of the cell cycle. Initiation of chromosomal replication is an essential checkpoint that seems to be common to all domains of life. In bacteria undergoing the transition to a dormant state, master transcription factors (e.g., Spo0A, CtrA, and AdpA) regulate the expression levels of dozens of genes involved in morphological differentiation and inhibit replication initiation by binding to the origin of replication. Analyses of oriC regions and their affinity toward the master regulators, DnaA, and other regulatory proteins suggest that the origin regions have evolved to coordinate chromosomal replication with the complex developmental cell cycles of certain bacteria. In the future, an improved understanding of replication regulation could facilitate the experimental control of bacterial replication, potentially allowing us to inhibit DNA replication in pathogens, optimize the production of valuable secondary metabolites (e.g., antibiotics), and/or generate synchronized cultures for various physiological and genetic studies.
